Abstract -Cardiac simulator can solve the difficulties of cardiac surgeon training, minimally invasive devices lack of test methods and many other problems. But the current cardiac simulator cannot accurately simulate the real heart because of the incorrect blood circulation or uneven deformation and other reasons. An artificial muscle-driven biomimetic cardiac simulator is proposed in this paper. It is composed of heart chambers, bionic valves ， external circulation, drive mechanism and a control system. Heart chambers is designed basically on true cardiac 3D data and can realize a correct correspondence of ventricular pressure and systole/diastole movement. The bionic valves can achieve one-way flowing. The driving parameters are designed based on the ventricular end-diastolic pressure of healthy adults. Experiments show that in the heart rate of 40-90 rpm conditions, the stroke volume (SV) first increases and then decreases with the peak appearing at the heart rate of 60 bpm with 65ml, which is meet the adult heart beat physiological parameters. 7.6% and 1% backflows are detected for the mitral and tricuspid valves under the heart rate of 60 bpm, which illustrates the valves cannot be tightly closed and need further improvements. The phantom was also scanned with CT and all components can be clearly identified from the slice images obtained. The cardiac simulator can be used for cardiac medical imaging studies, new equipment testing and the basic training of doctors and many other aspects.
I. INTRODUCTION
Cardiovascular disease is playing the role of the topkiller to human health, which causes a mortality of 14 million people every year all over the world [1] . With advantages such as less trauma and low complication risks [2] , minimally invasive surgery (MIS) has been well accepted in cardiovascular surgeries. However, this technique has inevitably led to reduced access to the surgical target [3] . Thus it takes quite a long time for surgeons to hold steady and accurate operating skills and the flexibility of various instruments adds to the difficulty. Besides, new MIS instruments need testing before being clinically used to eliminate potential risks like penetration and other complications. Toward above urgent requirements, a bionic cardiac simulator that can provide a lifelike beating cardiac environment is effective and significant.
The development of modern imaging technology, such as MRI, 3D Ultrasound, and CT, gives us a 3D image of cardiac through the reconstruction of 2D slice images. Based on these 3D images and soft tissue mechanics, the cardiac movement and hemodynamics are wildly studied all over the word. As a result, various numerical phantoms capable of simulating the heart beating were developed [4, 5] . However, these virtual cardiac phantoms cannot give the operator a touchable perception of instrument-tissue interaction that generally determines the operating performance. Take RFCA (radio frequency catheter ablation) for an example, the contact force between the catheter tip and cardiac tissue is of great importance and it is difficult to assess this characteristic of the catheter with a numerical phantom. In addition, researches on hemodynamics analysis still lack physical verification, especially for those within heart chambers.
In order to provide a physical cardiac environment, researchers have already developed several physical dynamic cardiac simulators. One typical kind of phantoms push/pull blood directly into/out of the phantom. A representative example was named the Amsterdam gated (AGATE) cardiac phantom produced by Sokole [6] . It used a motor to drive a cam that connected to a piston and pushes/pulls liquid into/out of the ventricular phantom. In this way, the pressure in LV increased during diastole and dropped during systole. Apparently, the actuating method of directly injecting and pumping blood into/out of the LV leads to a contrary correspondence between the pressure changes in LV and the movements of heart. Using the same wrong driving way, Matusiak, Teras, and Valastyan designed cardiac phantoms with different driving ways [7] [8] [9] [10] [11] [12] [13] [14] .
Noticing the inconformity between the pressure and the heart movements, Keeling developed a cardiac phantom of which the shape was defined by two modifiable buckled spring steel strips. Two linear actuators were used to cyclically flex the steel strips and realize the dynamic movement of the heart's right and left ventricular. Later, he used more strips to form a more compliant surface that could be controlled and matched to a heart surface shape. The actuator could be used to actuate heart beat but the mechanism made the simulator less portable [15] . Another similar phantom was produced by Shelly Medical Imaging Technologies (Canada). It achieves the heart beating by linear reciprocating extruding the heart chambers along the axial axis [16] . However, it differs from the real situation that the heart beats evenly toward all 978-1-5386-8069-8/18//$31.00 ©2018 IEEE Proceeding of the IEEE International Conference on Information and Automation Wuyi Mountain, China, August 2018 directions for the myocardium is evenly dispersed in the heart chamber. Previously, we built a Left Ventricle (LV) camber utilizing a pneumatic artificial muscle as the actuator and preliminarily realized the contraction and expansion of heart chamber [17] . In this paper, we detail the design concept and parameters determination, and carry out more comprehensive experiments to evaluate and analyze the performance of the dynamic cardiac simulator.
II. MATERIALS AND METHODS

A. The driving mode of heart beating
An ideal method to simulate the heart beating is to mimic the movement of myocardial cells because the beating of the heart origins from the beating of myocardial cells. The myocardium is evenly dispersed in the LV wall. Thus the motions of construction and relaxation are evenly and multidirectionally. The induced systole and diastole change the pressure in the LV and the pressure difference inside and outside pushes the blood to flow into and out of the LV with the help of unidirectional valves, i.e. the mitral valve and tricuspid valve. Therefore, the pressure in LV is increasing during systole and dropping during diastole.
Based on the above heart beating mechanism, we use a pneumatic artificial muscle to serve as the myocardial cell. Figure 1 indicates the beating process. Figure 1 (a) depicts the structure of the cardiac phantom, which contains two chambers, the LV and the artificial myocardium. The artificial myocardium covers the LV wall and can be considered as an air cavity connected to a pneumatic circuit by the air hole. The bionic mitral valve and tricuspid valve are two one-way valves that keep the blood flow into and out of the LV successively without backflow. Figure 1 (b) demonstrates the diastole period of the phantom. The air exhausting out of the artificial myocardium causes the expansion of LV chamber and hence reduces pressure in LV. When the pressure difference between both sides of the mitral valve is large enough, the mitral valve opens and blood flows into LV. Figure 1 (c) demonstrates the systole period of the phantom. The air blowing into the artificial myocardium leads to the contraction of LV chamber and hence increases the pressure in LV. When the pressure difference between both sides of the tricuspid valve is large enough, the tricuspid valve opens and blood flows out of LV.
Compared with its counterparts, the newly developed simulator beats with the following three remarkable characteristics:
(a) Correct pressure-movements correspondence. The pneumatic driving circuit and the blood circulation are separated to assure the correct correspondence between the pressure trend in LV and the systole/diastole of heart. (c) Miniaturization and portability. A flexible thin tube is connected to the phantom and transfers air pressure. Thus the driving mechanism can be located far away from the phantom, which keeps the phantom small and portable.
B. The construction of cardiac phantom
The implementation of the cardiac phantom is shown in Fig. 2 . It contains the LV chamber, the left atrium, and the aorta, the end of the pulmonary vein, two valves and the shell. They are all fabricated using real 3D image data of human heart. The mitral valve and tricuspid valve both have reinforcing ribs serving as the chordae tendineae, which assures two valves function as one-way valves. The air hole in the shell serves as the inlet of air pumped from a pneumatic supply. The heart chamber and valves are all made of thermoplastic elastomer (TPE). It has good super elasticity with the elasticity modulus within the range of that of the heart muscle, which is 10-20kPa at the beginning of diastole, and 200-500kPa at the end of diastole [18] . The model produced with the elasticity modulus within the range of that of the heart muscle. The shell is made of polyurethane that is hard enough to maintain its shape during heart beating. Thus the air pressure can only well deform the LV chamber.
C. Pneumatic actuating circuit design
Figure3 shows the composition of the actuating circuit and blood circuit. The actuating circuit contains a motor, an air cylinder and the artificial myocardium. The motor propels the piston of the air cylinder through a crank-link mechanism. As a result, air is injected into and extracted out of the artificial myocardium, through which the deformation of the heart chamber can be controlled. The blood passes in turn from tank, through mitral valve, into LV chamber, through tricuspid valve, and back into the tank. A flow meter is set near the outlet of mitral valve to measure the Stroke Volume (SV).
The SV is one of the major parameters and shall be primarily achieved for a dynamic cardiac simulator. It is determined by the deformation of the LV, and further by the piston travel of the air cylinder. We take two steady states of the phantom, namely the LV end diastole and end systole (as shown in Fig. 4) , to calculate the driving parameter. Under these two states, both the mitral valve and tricuspid valve close. Considering the LV wall is a thin flexible wall, we neglect the deforming force needed. Thus, the LV end diastolic pressure and the end systolic pressure are equal to the pressure in the pneumatic actuating circuit. Besides, the outer shell is rigid and the total volume of the LV and the artificial myocardium remains constant during the heartbeat.
The air temperature in the driving circuit is almost unchanged. According to the ideal gas equation, pressure and volume of the driving circuit can be written as:
where 0 P and 0 V are the pressure and volume of the driving circuit at the end of diastole; 1 P and 1 V are the pressure and volume of the driving circuit at the end of systole and can be calculated by the following equations: 
Where a V and b V are the effective volumes of the air cylinder and artificial myocardium at the end of diastole; Q is the SV; c V is the reduced effective volume of the air cylinder during the systole and can be expressed by, 
Where d is the inner diameter and is the piston travel of the air cylinder. P are equal to the end-diastole and end-systole pressure, which are chosen to be 2.67 kPa and 13.3kPa [19] , considering the pressure loss in the pneumatic circuit. Q is set to be 70ml referring to that of healthy adults [20] . At this point, the piston travel is calculated to be 66mm. Figure 5 shows the constitution of the platform. A DC motor from Fuji Electric is selected to drive the piston. A flow meter (GEMS Sensors FT110) with 3 KHz sample frequency is used to detect the SV and a data acquisition card (NI USB-6221) is used to collect the data and transfer it to the control console. The Microsoft WindowsXP (32bit) operating system is running on the control console and the results are shown on the screen using Labview8.6 interface. 
II. EXPERIMENTS
A. Platform establishment
B. SV under a series of heart rates
At first, the SV under 60 bpm (beats per minute), a healthy heart rate, was tested. Another two parameters that usually used to estimate the human cardiac function, namely Minute Volume (MV) and Ejection Fraction (EF) were also provided. They are calculated by the following two formulas, 60
Where, EDV is the End Diastole Volume, can be obtained by the system which is 120ml. Besides, we also anticipated the simulator can simulate the abnormal heartbeat situation. Therefore, SV under a series of heart rates were tested. 40 and 50 bpm were set to simulate the heart failure situation, and 70, 80 and 90 bpm were set to simulate the tachycardia situation. Different heartbeat rates were gained by adjusting the motor speed.
C. Performances of two bionic valves
The bionic mitral valve and tricuspid valve are both oneway valves and expected to work without backflow like those of a healthy human. In order to investigate one valve and avoid being disturbed by another one, a one-way connector was used as shown in Fig.6 (a) . Figure 6 (b) and (c) indicate the test for mitral valve and tricuspid valve. The arrow shows the flow direction. As for the former test, the flow meter was set between the water tank and the mitral valve and the backflow during systole could be detected. As for the latter test, the flow meter was set between the tricuspid valve and the water tank, and the backflow during diastole could be obtained.
The backflow factor η is used to describe the backflow of the valves and calculated by the following formula,
Where b Q is the backflow and 0 Q is the flow through the valve along the expected direction. Besides, the phantom was scanned by CT (GE CT750 HD) to see whether clear images can be obtained. Then it could be determined from those slice images whether the internal chamber works well during beating. The heart beating frequency was set to 60 bpm for the simulator. Table 1 lists the SV, MV and EF of the cardiac simulator under the 60 bpm heart rate. The corresponding data of adults are also provided for comparison. Table 1 . Flow parameters comparison between the simulator and the healthy adults under the heart rate of 60pm The average SV under 40~90 bpm heart rates plot in Fig.  7 . The RMSE of each SV is marked nearby. The SV first increases with the peak value of 65mL appears at the 60 bpm heart rate, and then decreases to 30mL at 90 bpm heart rate.
IV. RESULTS AND DISCUSSION
A. Results
The backflow test results for mitral valve and tricuspid valve are displayed in Fig.8 and Fig.9 . The higher peak-values are the forward flow pass through the valves and the lower peak-values represent the backflow of the valves. Each test has 9 groups of data.
From Fig. 8 , the average flow passing the mitral valve during diastole is calculated to be 73.10ml with a RMSE of 1.5692ml, and the average backflow is 5.53ml with a RMSE of 0.4038ml. Thus the backflow factor of mitral valve is 7.6%. From Fig. 9 , the average flow passing the tricuspid valve during systole is calculated to be 64.05ml with a RMSE of 1.9842ml, and the average backflow data was 0.67ml with a RMSE of 0.0842. Thus the backflow factor of tricuspid valve is 1%.
Three CT scanned axial slice images of the phantom are shown in Fig. 10 . They are in the same phase of the heartbeat. It clearly shows the profile of the artificial heart muscle, the LV chamber, the mitral valve and tricuspid valve. B. Discussion Table 1 indicates that three major flow parameters of the cardiac simulator are all locate within the range of that from healthy adults. It can also be seen from Fig. 7 that all stroke volumes have good repeatability under a series of heart beats. The SV variation trend along the increasing of heart rate complies with clinical situations, such as heart failure with slow heartbeat and tachycardia with fast heartbeat, both induce insufficient blood supply. Therefore, the simulator can not only well simulate the healthy heartbeat but also the abnormal heartbeat.
The valves in human heart make a great impact on blood flow. If the a person's heart cannot fully close its valves, which is called Heart Valve Regurgitation (HVR), the SV drops leading to insufficient blood supply. The results of the valve tests in Fig8 and Fig9 represent that the bionic valves developed both have backflow problems. Comparing to the tricuspid valve with 1% backflow factor, there is much more backflow caused by the mitral valve. During each beat, 7.6% of the blood flows back into the pulmonary. The reason lies in Fig. 7 SV under a series of heart rates. that the material used for fabricating does not perform as well as the healthy human valves does. Besides, the manufacture method might lead to uneven density and low precision. Thus, in order to enhance the performance of the simulator, efficiency of the artificial valves needs further improvement. Both material and manufacturing precision will be improved.
The CT images of the phantom in Fig. 10 clearly show all major components, which indicates the simulator developed can also provide a dynamic platform for the medical image processing related researches, like the image navigation for cardiac intervention. Besides, hemodynamics researches for heart can also be verified with this platform. If further efforts are made by using bio-compatible medical material for manufacturing the phantom and vessels, it is possible to develop an artificial heart with the whole anatomical structure.
Ⅴ. CONCLUSION
This paper demonstrates a novel dynamic cardiac simulator with heartbeats activated by artificial myocardium. The simulator is composed of a left cardiac phantom, a blood circuit, a pneumatic actuating circuit and a control console. Experiments are conducted to inspect the SV of the phantom under 40~90 bpm heart rates and the performance of the artificial valves. Results show that the SV under 60 bpm is within the SV range of healthy adults, and the cardiac simulator can also simulate abnormal heart beating situations. 7.6% and 1% backflow occur for the mitral valve and the tricuspid valve. The simulator was also scanned with CT and all major components clearly display on the slice images. Overall, it can provide a vivid beating heart environment not only with the same anatomic structure but also with the same pressure variation trend in the chamber during heart beating. It has a good prospective of providing a dynamic heart environment for surgeon training and new MIS instrument testing.
